Abstract: Since 1999, nitrous oxide (N 2 O) soil emissions from sites cultivated with energy plants have been measured by gas chromatography and gas flux chambers in experimental fields. The main aim of this study was the nitrogen conversion factor and its variability for sandy soils under climatic conditions of Central Europe. Annual plants (hemp, rape, rye, sorghum, triticale) and perennial plants (grass, perennial rye, poplar, willow) were fertilised with three different levels of nitrogen (150 kg N/ha/year, 75 kg N/ha/year, and none). The annual nitrogen conversion factors were derived from the annual mean differences between the fertilised sites and non-fertilised control sites. The mean nitrogen conversion factor for the non-cultivated soils was lower (perennial crops: 0.4%) than that for the regularly cultivated soils (annual crops: 0.9%). Few times, enhanced N 2 O emission spots with maxima above 1000 µg N 2 O/m 2 /h, lasting for several weeks, were observed in the course of measurements. The influence of these local peak emissions on the nitrogen conversion factor is discussed.
Nitrogen (N) fertilising is one of the main sources of anthropogenic contribution to the global dinitrogen oxide (nitrous oxide -N 2 O) emission. In soil, N 2 O is produced predominantly by two microbial processes, the oxidation of ammonium (NH 4 + ) to nitrate ; called nitrification) and the reduction of NO 3 -to gaseous forms NO, N 2 O, and N 2 (called denitrification; Firestone 1982) . The rate of N 2 O production depends on the availability of mineral N in the soil and the conversion factor (ratio of nitrous oxide-nitrogen (N 2 O-N) emission to the input of fertiliser-N) depend on the soil type and climate (e.g. Bouwman 1990 Bouwman , 1996 Bouwman et al. 2002; Granli & Bøckman 1994; Stehfest & Bouwman 2006; Novoa & Tejeda 2006) . For N 2 O inventories, a default value of 1% (with additions and subtractions dependent on the soil type and climate) is recommended for mineral fertilisers (De Klein et al. 2006) . When the cultivation of crops is assessed with regard to the greenhouse gas abatement, this conversion factor plays a significant role, e.g. the N fertiliser-induced emission of N 2 O may counterbalance the carbon dioxide (CO 2 ) advantage of biofuels (in the case of a high nitrogen fertiliser application and of the conversion factor greater than 2%; Crutzen et al. 2008) , since N 2 O as a greenhouse gas contributes to the global warming 298 times more effectively than CO 2 (IPCC 2007) . N 2 O release is controlled by many factors, significant deviations may occur depending on the local conditions. This aspect, to get to know more details on N 2 O soil emissions during the cultivation of energy crops, was the motivation to start a long-term study whose results are presented here. Agronomic practices such as tillage and fertiliser applications can significantly affect the production and consumption of N 2 O because of alterations in soil physical, chemical, and biochemical activities. Following N-fertiliser applications, an increase in N 2 O flux rates has been observed in field and laboratory experiments (e.g. Mulvaney et al. 1997; Kaiser et al. 1998; Jackson et al. 2003) . N 2 O emission from croplands at site scales occurs essentially with a great spatial and temporal variability (Veldkamp & Keller 1997; Dobbie & Smith 2003; Hellebrand et al. 2003 Hellebrand et al. , 2005 . The annual patterns of the temporal variation of N 2 O emissions are determined in the temperate regions by the seasons and weather
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In addition to this background variability, agricultural management such as tillage and fertilising schedule may enhance N 2 O emission (Hénault et al. 1998a, b) . Tillage can cause immediate changes in the microbial community structure as reported by Jackson et al. (2003) , thus producing large N 2 O emissions at the beginning of the crop season. The spatial variability is mainly caused by heterogeneity in the soil properties and agricultural management (Kaiser & Ruser 2000) . Additionally, there are different short time emission peaks lasting for hours or days and weeks, whose source is not explicitly known (Veldkamp & Keller 1997; Van der Weerden et al. 1999; Brown et al. 2002; Dobbie & Smith 2003; Hellebrand et al. 2003) .
Nitrification and denitrification processes may be stimulated after the application of nitrogen fertilisers (e.g. Firestone & Davidson 1989; Mosier 1994; Dobbie et al. 1999; Freney 1997) . The balance between the two processes contributing to the N 2 O emission will vary with climate, soil conditions, and soil management (Skiba & Smith 2000) . Soil cultivation and precipitation, affecting the soil air exchange rate, should also influence nitrification and denitrification, which are aerobic and anaerobic processes, respectively (Pinto et al. 2004) .
Numerous authors studied the emission of N 2 O dependent on the soil type, fertilisation, and crop species (e.g. Flessa et al. 1998; Hénault et al. 1998a; Dobbie et al. 1999) . There are still uncertainties regarding the soil specific conversion factor, especially the influence of precipitations, soil moisture, temperature, soil nitrate concentration, and other variables (Maljanen et al. 2004) . Since the N 2 O emission factor depends on the local conditions, the main aim of this study was to determine this factor and its typical variability for the cultivation of annual and perennial crops on sandy soils under climatic conditions of Central Europe.
MAteriAlS ANd MetHodS
N 2 O flux measurements have been performed since 1999 at an experimental field with various crops cultivated for the production of biofuels. The experimental field was established in 1994. The topsoil texture was classified as loamy sand with sufficient homogeneity (Hellebrand & Scholz 2000) . The weather means at the Potsdam Weather Service station (about 10 km away) between 1951 and 1980 were 8.6°C for air temperature and 595 mm for precipitations. In the period of this study, the mean temperature increased (mean of the years 1999-2006: 9.8°C) and the mean annual precipitations decreased (mean of the years 1999-2006: 563.9 mm; DWD 2007).
The field was subdivided into 40 sites (Figure 1 ). Different plant varieties (Table 1) or plant combinations were arranged as columns (four sites each, labelled as A, B, C, and D). Grass (column 1) was mowed two to three times every year. The short rotation wood (or "field wood": poplar and willow; column 2 to 5) was periodically harvested (every two to four years). The crops in columns 6 to 10 were annual plants (hemp, rape, rye, sorghum, triticale) and perennial plants with cultivation periods of two to three years (perennial rye and Jerusalem artichoke). These crops were rotated or planted according to the actual research aims.
The four rows A to D, perpendicular to the columns, were fertilised with different levels of nitrogen (fertiliser: calcium ammonium nitrate; A: 150 kg N/ha/year; B and C: 75 kg N/ha/year) supplemented with PK-fertiliser (A), wood ashes (B), and straw ashes (C), and sites without fertilisation (D). (Hellebrand & Scholz 1998) Dedicated to the 80 th Anniversary of Prof. Radoš Řezníček Gas flux measurements were performed usually four times a week by means of the closed chamber technique and a gas chromatograph (GC: Shimadzu GC 14A). PVC-sealing rings (Y profile, sealing by water level) for the gas flux chambers (cover boxes) were embedded in the soil of the sites A to D of the columns measured (Table 1 ). The PVC-gas flux chambers had the volume (V) to area (A) ratio V/A = 0.315 m, and the volume of 0.064 m 3 . The fluxes were measured in mornings between 10 to 12 a.m. Two evacuated gas samplers (100 cm 3 bottles with Teflon sealing and vacuum taps) were connected to each box. The first was filled when the box was put on the water-sealed ring on the soil and the second one after one hour enclosure time. The samplers were then connected with a PC-controlled GCinjection system (Loftfield et al. 1997) . For each level of fertilisation, the N 2 O emission factor was calculated by means of the difference between the annual mean values of the fertilised sites and of the non-fertilised sites.
CO 2 and N 2 O, both of them generated in the soil, have nearly equal diffusion constants. The easily measurable CO 2 served for the evaluation of linearity and mixing homogeneity of the measuring chamber (measurements at several heights in the closed chamber). The measurements of the increase of CO 2 concentration in the flux chambers on bare soil showed that the increase in concentration was linear (R 2 higher than 0.99) during the measurement periods of more than two hours (Figure 2 and Hellebrand & Scholz 1998) .
The N 2 O emission factor, also called N conversion factor, is defined as the ratio of the annual fertiliser induced N 2 O-N emission to the annual input of fertiliser-N (De Klein et al. 2006) . The N conversion factor for the individual crop sites was calculated by taking the difference between the annual N 2 O-N emissions from the fertilised sites A, B, or C of a column, and the non-fertilised site D of the same column. The annual N 2 O-N emission from the site considered was obtained by averaging all N 2 O-N fluxes measured in the course of one year and multiplied by time.
reSultS ANd diScuSSioN
The emission of N 2 O followed the expected pattern of fertiliser-induced emissions (Figure 3 to 5, fertilisation date in Table 2 ). Enhanced N 2 O emissions were detectable at the fertilised sites after fertilisation and lasted from three to six weeks. We have also found temporarily and spatially limited high fluctuations throughout the entire study since 1999. N 2 O emission peaks over 1000 µg N 2 O/m 2 /h have been observed in a few measuring spots (Figures 4 and 5) .
These findings are in accordance with other studies (e.g. Augustin et al. 1998; Röver et al. 1998 ). O-emissions are related to the course of temperature and could be dependent on several factors such as groundwater level, water-filled pore space, soil pH, soil nitrate content, soil texture, and soil structure (Mogge et al. 1996; Flessa et al. 1998; Röver et al. 1998; Teepe et al. 2001 Teepe et al. , 2004 . However, the frost-induced emissions we measured at a couple of sites are small compared to the total annual N 2 O emission budget from the sandy soil of the experimental field. Therefore, these emissions were not excluded from the calculation of the nitrogen conversion factor.
There have been several high emission periods at the fertilised sites within the course of the measurements since 1999. The highest emission rates of more than 1000 µg "hotspots" (e.g. Christensen et al. 1990; Röver et al. 1999; Wanga et al. 2006) , were detected at the fertilised sites only. Besides the highly emitting N 2 O hot spots with maxima above 1000 µg N 2 O/m 2 /h in 2001, 2002, and 2006 , one or two less emitting N 2 O hot spots with maxima above 100 µg N 2 O/m 2 /h were also observed in all other years of this study, except in 1999. These lower N 2 O hot spots occurred usually in late summers and autumns. The reason for these high emissions is not clear. High emissions after harvesting had been observed several times and might be connected with soil distortions.
When determining the nitrogen conversion factor, the question arose, which part of the time course should be chosen, a period of few weeks after fertilisation or the whole plant-growing period or the corresponding year. Additionally, different results will be obtained in the dependence on the method of the calculation of the conversion factor like the determination of the background flux (Bouwman 1996; Simojoki & Jaakkola 2000; Model & Hellebrand 2006) , including or excluding N 2 O hot spots, taking the annual mean of daily differences between the fertilised and non-fertilised sites, or taking the difference between the fertilised and nonfertilised sites in annually cumulated N 2 O fluxes. The results, presented here, are based upon the differences between the annual means of site-specific N 2 O fluxes. In order to evaluate the influence of N 2 O hot spots, both possibilities -including and excluding N 2 O hot spots -are considered (Tables  3 and 4) . It is reasonable to exclude N 2 O hot spots in the calculation of the conversion factor, since the sources of these N 2 O hot spots are unknown and apparently seem not to be directly connected with the fertilisation level. On the other hand, N 2 O hot spots were observed at fertilised sites only. Thus, a more detailed analysis and discussion must be given to this question. Therefore, the influence of the calculation methods and the choice of periods and emission data will be discussed elsewhere.
There is an obvious difference between total annual N 2 O emission rates and nitrogen conversion factors from the sites without soil cultivation (columns 1-5) and those of cultivated soils (columns 6-10; Table 1 and Table 4 ). The emissions from sites Table 2 . "Left measuring spots" at poplar sites of column 4 ( Figure 1 and Table 1) with cultivated soils were about twice those from soils at columns 6 to 10. It is to remark that difficulties arise if the conversion factors of different plant types are to be evaluated using data from different years. One main problem with the comparison is the variability of the weather conditions which causes Table 2 ; "Right measuring spots" at poplar sites of column 4 ( Figure 1 and Table 1) Dedicated to the 80 th Anniversary of Prof. Radoš Řezníček different N 2 O emission levels in the dependence on the precipitations and temperature of the year considered. Nevertheless, the soil cultivation obviously enhances the N 2 O emission level. Although this phenomenon is not fully understood, the changes in physical structure caused by the soil tillage may alter biological activity and thus N 2 O emissions over the crop season (Mulvaney et al. 1997; Kaiser et al. 1998; Kaiser & Ruser 2000; Jackson et al. 2003) .
coNcluSioNS N 2 O flux measurements, having been carried out for nine years, showed periodical variations. Whereas in the course of autumns and winters the emissions were comparatively low (below 30 µg N 2 O/m 2 /h), the N 2 O fluxes had peaks above 100 µg N 2 O/m 2 /h after nitrogen fertilisation in springs. In summers and autumns, increased N 2 O flux rates were observed with several fertilised sites. N 2 O hot spots caused a measurable increase of the annual N 2 O emission budget. As N 2 O hot spots were found on fertilised sites only, they might cause increased nitrogen conversion factors, if not excluded from the calculation of the fertiliser induced emissions. The emissions due to the freezing-thawing periods in winters did not considerably contribute to the annual N 2 O budget and thus do not have a measurable influence on the nitrogen conversion factor.
The mean nitrogen conversion factor of about 0.8% is comparatively low. Therefore, the energy crop production on sandy loam soils under climatic condition of Central Europe will not lose their CO 2 advantage by nitrogen fertilisation as long as fertilising results in an adequately higher biomass yield (Scholz & Ellerbrock 2002) .
The nitrogen fertilisation, precipitations and soil cultivation altered N 2 O emissions from the soil. Fertiliser induced N 2 O emissions from cultivated soils are higher as compared to non-cultivated soils. As an explanation, it is assumed that tillage and other soil treatments change the soil structure and thus influence the water filled space as well as the soilair exchange rate. The influence of tillage and plant varieties on N 2 O emissions needs further investigations in various crop systems.
